Introduction
The lipases (E.C. 3.1.1.3) comprise a host of ester hydrolases that require interfacial activation in the catalytic process 1). These lipolytic enzymes provide typical examples of heterogeneous catalysis. They only act on substrates in aggregated forms, whereas display almost no activity when the substrate is in a monomeric state. This intrinsic need of an oil-water interface for efficient catalysis distinguishes them from esterases that prefer fully dispersed esters as substrates (Table-1) . Lipase-mediated deacylations are reversible and the equilibrium can be shifted toward either directions by altering water activity in the media. In addition, lipases are stable in both aqueous and apolar environments, and the catalysis does not require sophisticated cofactor regeneration or enzyme stabilization systems.
Based on these unique characters, lipases are well studied for the industrial transformation of water-insoluble substrates2),3), such as triacylglycerol splitting and modification. Moreover, from an organic chemist's point of view, lipases are attractive due to their synthetic utility4),5). These biocatalysts are able to accommodate substrates of varying sizes and chemical complexities ( Fig. -1 ) with different degrees of stereochemical selectivity.
As demonstrated by numerous successful examples in the recent literature, lipases have become a viable alternative to transition-metal catalysts for the preparation of homochiral compounds. Thus, this review is intended to familiarize chemists with stereoselective lipase catalysis by discussing the basic principles and the recent progress. The enzymology of lipases and the mechanism of lipase catalysis, which have been ter becomes a limiting factor, the acyl-enzyme intermediate (Enz*-COR) will be competed by two acyl acceptors, H20 and R' OH, and the equilibrium is affected by the relative concentrations of these two nucleophiles. Thus, such mechanistic symmetry allows one to dictate the reaction direction by changing reaction media and acyl acceptors. With the natural substrates of triacylglycerols, most lipases exhibit some degrees of regiospecificity, but lack significant enantiotopic discrimination42)43).
Only partial enantioselectivity was noted in a few animal lipases42). Ota and his coworkers classified lipases into three categories based on a quantitative expression of position specificity index (PSI)", namely, 1,3-specific, intermediary, and non-specific lipases (Table-2). This positional specificity remains unchanged when the reaction is reversed to the synthetic direction. No lipases have yet been reported to exert 2-specific hydrolysis of triacylglycerols44).
Most lipases do not show distinctive preference for the mediumand long-chain fatty acyl functions. One exception is the very long-chain polyunsaturated acids in fish oils that are hydrolyzed at slow rates presumably due to steric reasons 45). Also, Jensen reported a unique specificity with Geotrichum candidum lipase that prefers fatty acids with a cis-9 configuration 4 .
However, the lack of chiral differentiation in hydrolyzing triacylglycerols does not truly reflect the remarkable ability of lipases as asymmetric agents in biocatalysis. Enantioselective lipase catalysis, either hydrolysis or ester synthesis, proved to be a facile method for the preparation of optically active acids and alcohols4),5). Mechanistically, enzymatic deacylation and the corresponding ester synthesis share some common features, but the underlying principles governing the stereochemical specificity are somewhat different.
To address this issue, the enzyme kinetics crucial to antipodal differentiation warrants discussion.
3.1 Origin of enantioselective discrimination in enzyme catalysis When two compounds A and A' compete for the enzyme, the specificity for competing substrates is dictated by the ratio of specificity constant, kcat/Km [Eq. (1) (kcal/Km) can be described as k1/[1+72-1/ l2)]. Thus, equation (1) is transformed into equation (2) to relate enantiospecificity with rate constants.
( 2 ) This equation clearly shows that the stereochemical control of enzyme reactions relies upon. both binding and catalytic steps. But, in some special cases in which the substrates bind very tightly to the enzyme (k2>k_1 , and k'2>k'-1), equation (2) reduces to equation (3), indicating a partial or complete loss of specificity"). The lipolytic action of two competing enantiomers, A and B, in an aqueous solution may be described by Scheme-2. The catalytic step is almost irreversible because of the high concentration of water surrounding the interface. Since the surfaceactive properties of the two enantiomers are identical, the ratio kd/kp, is a constant and independent of the relative concentration of the enantiomers in the interface. Thus, the penetration step does not participate in the chiral discrimination53).
In such a case, the kinetic behavior of the biochemical resolution can be depicted by the classical homocompetitive equation [Eq. (5)] 47).
Scheme -2 (Fig.-2) . It is advantageous to use this basic equation to predict the stereochemical outcome of a biocatalyzed hydrolytic resolution. It is worthy to note that, even with low E values, one can enhance the optical purity of the remaining substrate fraction by extending the conversion beyond 50 % (Fig.-2 B Although both reactions proceed via a common acyl-enzyme intermediate, the stereochemical behaviors of these two enzyme systems differ due to differences in the environment and the nature of the acyl acceptor.
In general, lipase-catalyzed acyl-transfer reactions in organic media tend to be more enantiospecific than their hydrolytic counterparts (Table-4 ). This optical enhancement may be attributed to three reasons.
First, crude lipase preparations often contain interfering proteases or esterases which may possess opposite or poor stereoselectivity as compared with the lipases. These contaminating enzymes become inactive in aploar solvents, which leads to higher enantioselectivity55). Second, as discussed in Section 3.1, the species of the substrates, either alcohols or esters, may affect enantioselec- In the synthetic mode of lipase catalysis, a number of factors affecting enzyme stability and enantioselectivity need to be addressed.
Organic Solvents
Although the lipase is surrounded by an organic environment during the catalysis, the enzyme is actually protected by a few layers of "bound" water from the denaturing effect of the solvent. Thus, polar solvents diminish the stability of the biocatalyst by stripping off the essential water61), 62) or penetrating into the hydrophobic core of the protein63). Recently, for the optimization of biocatalytic activity, an empirical parameter P, the partition coefficient of the solvent between octanol and water64), was introduced as a quantitative measure of solvent polarity. In general, the catalytic activity increases in solvents with high log P values 65),66). Apolar solvents (log P>2.0) such as hexane, isooctane, toluene, and cyclohexane are commonly used to maintain enzyme stability, and to shift the equilibrium more toward the synthetic direction67). However, when the substrates are highly hydrophilic and insoluble in apolar media, polar solvents (log P<O) such as DMF and pyridine may be used at the expense of enzyme stability. In these highly polar environments, immobilization techniques may be employed for enzyme stabilization 65) 68) . 
